The framework for a simulation model which describes the dispersion of individual droplets of water containing viable microbes is presented. The model accounts for physical, chemical, biological, and measured meteorological parameters of each droplet at each of many short time steps. Repeating the modeling process for many droplets will simulate a cloud of droplets. The model is compared with the Tulelake, Calif., release in 1988 and found to show very similar patterns of deposition within 30 m (the maximum observation distance of the source. A hypothesis for the survival sequence in the microbe-containing droplets is discussed.
In the past, large-scale aerial dispersal of microorganisms from sources such as evaporative cooling towers (7) and sewage irrigation and treatment plants (20, 21) has been estimated by using atmospheric dispersion models based on temporal and spatial averaging as defined in the Gaussian plume models (8, 9, 14) . The averaging process eliminates the detail necessary to adequately delineate the deposition pattern of a microbial aerosol near its source. Models based on estimating the trajectory of many individual droplets, each adjusted for meteorological conditions at each of many small time steps, have been found suitable for this purpose (2, 5, 18, 22) .
The purpose of this report is to document a droplet dispersion model for viable microbes that is useful for predicting and detecting with relatively high spacial resolution near-source downwind dispersion patterns.
MATERIALS AND METHODS
Model framework. The droplet model was separated into five submodels: aerosol generation, evaporation, dispersion, deposition, and microbial death. Any or all were computed at each time-step in the trajectory of a droplet. The position of the droplet (Di) at each time step (8t) in the trajectory was located in a three-dimensional coordinant system, i.e., Di,Y,, where D is the ith droplet at an x, downwind; y, crosswind; and z, vertically adjusted location. Many iterations of this process can be performed to give a statistically significant cloud of droplets. A general flow diagram of the model is shown in Fig. 1 .
Aerosol generation submodel. An aerosol droplet containing microorganisms sprayed from a solution initially follows a trajectory dependent upon the characteristics of the spray apparatus and meteorological conditions. Once droplets are emitted, drag and gravitational force affect droplet vertical location.
Spray droplet characteristics. A simulated microbial aerosol was generated by a simulated sprayer under known pressure through a nozzle with a known droplet size frequency distribution (e.g., see reference 26; W. Yates, personnel communication). The distribution was used to prepare an equation (equation 1) or an overlapping set of polynomial equations where the diameter (d, in microns) of a droplet is a function of its cumulative probability of occurrence (P): * Corresponding author.
d(P) = a, + (a2 x P) + (a3 x p2) + (a4 x P3) (1) where the a's are coefficients.
Each droplet size was randomly selected by solving equation 1 (2) where g is the acceleration of gravity, FP is the spray pressure (kg/m2) at the nozzle, and fl is the spray density (kg/m3) (12, 25, 26) . This is the velocity of Di,0,0,0 at to. Droplet fallspeed. Airborne particles experience two major forces affecting their vertical location beyond the mean fluctuating wind field; gravity (g) and airdrag (FD) caused by viscosity of the air and pressure asymmetry about the particle. By assuming a spherical particle shape, the drag force is expressed by equation 3 as: FD = 6ITTIarU (3) where FD defines Stokes drag force, -la is the dynamic viscosity of air, r is the radius given in microns, and U is the average air flow speed around the particle (meters per second), which is assumed to be the same as w, in equation 6 (6) where t is time. In order to maintain numerical stability in (11) We also assume that the temperature of the droplet is the same as that of the ambient environment.
In equation 11, aIr represents the curvature effect of the droplet surface vapor pressure (hence increased curvature increases the vapor pressure and, consequently, evaporation rate) and blr2 represents the solute effect, which decreases the vapor pressure with solute concentration increase, where a = 2cr/nkBTr (12) and cr is surface tension of water, n is number of water molecules in droplet, kB is the Boltzman constant, and T is absolute temperature and b number of salt molecules (or ions) in the droplet (1 number of water molecules in the droplet In the present model, solute effect is not included due to the uncertainty in the salt (or ion) content in the droplet.
The A and B terms in equation 9 are:
where LV is the latent heat of vaporization set at 2. 
Microbes in droplet. The number of microorganisms in a given size droplet was calculated according to algorithms similar to those used by Kennedy and Gentle (6) , with a Poisson distribution when the mean number of microbes in a droplet was less than 50 and a normal distribution N(t,&2) if the mean number of microbes was equal to or more than 50. The mean number of microbes in a droplet was calculated by using equation 8: Dmo = Dvol x mo (8) where Dvol is droplet volume and mo0 is mean microbial concentration of a uniformly mixed spray solution (number/ volume). It is assumed that droplets (greater then the size of a bacterium) could contain at least one bacterium.
Evaporation submodel. Evaporation (or condensation) of droplets takes place when the environmental vapor pressure (p) is lower (or higher) than the vapor pressure at the droplet surface (PD) and will have significant effects on droplet drift as well as survival of contained microorganisms.
The vapor pressure at the surface of a droplet is dependent upon the solvent (assumed to be water in our model), solute concentration (assumed to be nil), temperature (7) , and curvature of the droplet surface, i.e., the Kelvin effect. (16) where To = 273°K and po = 1013 mb.
The effect of microorganisms in a droplet on the droplet evaporation rate was calculated with the following special assumptions: (i) the microorganisms are uniformly distributed in the droplet; (ii) no active or passive migration (Brownian motion) to the droplet surface occurs; (iii) once the microorganism is at the surface, it remains there; (iv) there are no hydrophilic or hydrophobic interactions between the droplet and microbe; and (v) only the microorganisms present in the vicinity of the surface of a droplet act to reduce the effective evaporation area. The calculations for the effect are based on the number of microbes in the outer shell of the droplet, which is one organism diameter thick (equation 17), times the projected area of the microorganism. The ratio of this area to that of the droplet surface is termed the evaporative surface reduction ratio (equation 18) and is set to reduce the calculated evaporation rate.
Number of microbes per unit volume in shell = 4/3 ar (r3 (10) and p can be calculated from the ambient relative humidity and temperature, and PD iS saturation vapor pressure for a curved surface of radius r given as (11): droplet surface area (18) where r is the radius of a droplet and d is the length of a cylindrical bacterium.
As the droplet evaporates, r gets smaller and more of the droplet surface is filled by microorganisms; consequently, the water evaporation rate of the droplet approaches that of the microorganisms. In order to account for intercellular (15) For purposes of minimizing computational time, several of the variables in the evaporation formulation can be set to constants, including air viscosity, air density, latent heat of vaporization, diffusivity of air, and density of water. These variables show relatively small variations for a normal temperature range.
Output from the simulated evaporation model described above is shown in Fig. 2 , where it is compared with the observation data of Ranz and Marshall (17) . The figure shows the marked effect of relative humidity (RH) on the longevity of airborne droplets, increasing approximately 400% from 0 to 70% RH. Finally, the graph shows how droplet-contained bacteria might not appreciably affect droplet evaporation until almost all of the droplet water had evaporated and the agglomerated bacteria or droplet nuclei were left. At this point the survival of the agglomerated bacteria might depend on such unknowns as the water evaporation rate, the position in the agglomerate, and the life-sustaining water content of the bacteria.
Dispersion submodel. Di,,(t) = Di_, (t -bt) + St where R(bt) is the correlation coefficient of wind speed for the time lag bt. The exact value of R(bt) is not available from the data, and R(8t)= 0 is used for the present time. This value is not zero in general and must be determined from the observed wind data. We also assumed that the correlation coefficient for different wind components (u and v, for example) are zero for all bt.
Repeat calculations to position droplet in the y and z directions.
The droplet motion dynamics are detailed by Hanna et al. (3) and van Dop et al. (22) .
Microbial death submodel. The death of airborne microbes has been shown to be functions of at least the atmospheric environmental variables temperature, relative humidity, solar radiation, and time (1) . Laboratory measurements of airborne microbial death rates as a function of these variables have been used to prepare descriptive death models that can be adjusted for changes in the environmental variables at each time step (8t) in dispersion models (8, 9, 14) . In general, these models simulate the die-off of a population of microorganisms through time under defined environmental and biological conditions (equation 23).
Nmb, = No x death rate function (23) where No is the initial number of bacteria in a droplet, NI6, is the number of surviving microbes from the initial population (No) to the time lbt, lYbt is the sum of the time increments, and death rate function is f(temperature, RH, solar radiation, l5t, etc.).
How well these models fit the survival of airborne microbes under natural conditions is problematical. It would be expected that processes other than those mentioned would affect survival under field (as well as laboratory) conditions. Some of these factors include the number of solute microbes in a droplet and how they compact during evaporation of the solvent and the sites, rate, and quantity of bound-water loss (24) and unbound-water loss (evaporation) (13) (19) and Lindow et al. (11) . Briefly, P. syringae TLPdell and Citydellb were grown on King B agar containing 100 p.g each of rifampin and benolate per ml. Cells were harvested and suspended in sterile distilled water to a concentration of 3 x 108 CFU/ml. Four liters of each strain suspension was applied to the plants with a C02-pressurized, hand-held sprayer equipped with a Tee-jet 8004 nozzle operated at 2,800g/cm2. The nozzle emitted spray 15 to 20 cm above the plants. The total number of bacteria sprayed was approximately 1.2 x 1012 CFU.
Spray-drift samples were collected in 90-mm gravity plates of King B agar exposed on the ground for the duration of the sprayout. The plates were arranged in an array radiating out from the spray area as shown in Fig. 3 . Exposed plates were incubated for 5 days at 28°C, and colonies were counted.
(iii) Death rate function. There is little information available to prepare a death rate model as a function of ambient temperature, RH, solar radiation, and time, particularly shortly after atomization, for P. syringae. Except for the lack of solar radiation, the only data that meet these criteria were measurements made by Poon (15, 16) for Escherichia coli. He evaluated the death rate constants (k) from 20 to 80% RH at 20 to 50°C over four time periods: 0 to 0.5 s, 0.5 to 4.5 s, 0 to 2 h, and 2 to 4 h. The constants for each time interval were calculated by using equation 24: N(t) = N(t = 0) e-k(I)t (24) where N(t) is the number of survivors after time t in a droplet and NO = 0) is the initial number of organisms at t = 0 in a droplet.
A time-dependent death rate constant K(t) for the entire duration of Poon's four time measurements was fitted by a multiple variate general linear model (GLM) (SAS Institute Inc., Cary, N.C.), assuming k for each temperature and RH at the midpoint of the measurement interval. Equation 25 is the death rate model as a function of temperature, RH, and time for E. coli. By using this function, simulated survivors over time in an airborne population of E. coli can be shown (Fig. 4) . The function describes a very rapid initial die-off of airborne bacteria that increases directly with temperature and decreases inversely with RH and directly with time. (25) where K(t) is the death rate constant at time t after spray initiation. Interactive terms in the fit analysis were found to have an insignificant (<1%) effect.
Computer program outline. A flow diagram describing the viable droplet dispersion model algorithm whose component parts were described above (Fig. 1) was run in FORTRAN on DEC VAX 785/8605 cluster computer. For the Tulelake case, we assumed that the particles sprayed during the time interval bt were randomly distributed in the spray domain centered at (x,,y,), which represents the (x,y) coordinates of sprayer nozzle. By using inputs with known results, the program was checked for proper simulation of nozzle particle size frequency distribution (Fig. 5) , wind speed and direction effects, c2 1, sprayer location (e.g., compare actual spray pattern in Fig. 3 with simulated patterns in Fig. 7 at 15 and 30 min), deposition pattern as a function of particle size, and evaporation effects (Fig. 6 ). This is a very small fraction of the actual number of droplets in the sprayout. In all simulations, 3 x 105 droplets .2.0 ,um were processed. Droplet characteristics for the Tee-jet 8004 nozzle were obtained from Wesly Yates (Department of Agricultural Engineering, University of California, Davis) and were used to generate a descriptive equation for the droplet size frequency distribution (Fig. 5) .
Wind field calculation. To calculate particle locations, particles were assumed to be passively advected by the wind field about the spray site. Hence, estimation of the typical wind field is required to get dependable estimates of particle dispersion.
The typical wind field was prepared by passing the wind speed data through a five-point weighted running average filter twice (equation 26) . The filtering procedure was performed to fill in any missing data and to remove any bad observations, but it also eliminated gusts, which can cause wider dispersion of the droplets. a, = a,ai-2 + a2ai-1 + a3ai + a4ai+l + a5ai+2 (26) where ai is the weighted average wind speed at the ith measurement time and otl = t5 = 01, a2 = a4 = 0.2, (X3 = 0.4 was used.
Next, the wind direction data was divided into east-west (u) and north-south (v) components by equations 27 and 28: 28) where V is the wind velocity and 0 is the wind direction measured in a clockwise direction from north (= 0 or 3600), with westerly and northerly components taken as positive values. The filter in equation 3 was again applied twice for each of the v's and u's to remove any error involved in the wind measurements. Initially, any missing wind measurements were assigned the average value of adjacent measurements. A practical application of the model would be to prepare a strategy to limit the downwind drift from the sprayout.
RESULTS
On a quiescent early summer morning at Tulelake, Calif., gravity plates exposed during and immediately after the sprayout of a polydispersed aqueous aerosol of P. syringae showed a pattern of deposition about the source (the large rectangular outline in Fig. 3) , with three and possibly four downwind deposition plumes. Two of the plumes emanated from the west side toward the southwest, as would be expected from a northeast wind (top , Fig. 7 south. During the observation time, the wind shifted from a relatively strong northeast wind (0.32 to 0.94 m/s) to a weaker, erratic southwest wind (0.05 to 0.80 m/s). Except for the easterly plume, the wind conditions would account for the plume patterns. At the time of the wind shift, the simulated sprayout had ceased, but the aerosol droplets produced had progressed far downwind. This downwind progression is shown in Fig. 8 , where the southern plume has a more easterly dispersal pattern. It is thought that the mathematical wind-filtering procedure obscured the earlier southwesterly episodes that might have occurred during the sprayout event. More frequent wind measurements would have prevented this loss.
DISCUSSION
There are two general uses for microbial dispersion models: (i) to predict prior to release where microbial droplets might disperse, and (ii) to determine where microbial droplets have dispersed after release. The predictive models have been the focus of past research and are the Gaussian type used in large-scale systems, while determinative models are undergoing development and represent the aerosol-particle type used in small-scale (and large-scale) systems. The particle type also can be used for prediction if representative wind, temperature, and humidity are known. In this case, results are similar to the Gaussian plume model.
The effect of simulated water evaporation from a droplet containing bacteria is an important factor in the deposition process. This is shown in Fig. 6 , where droplets are deposited further downwind in the simulation when evaporation is allowed to occur than when it is not allowed to occur. The mechanism explaining this effect in the simulation is that as water evaporates, the resulting evaporate or droplet nuclei form a small particle which is more easily kept aloft by turbulent wind and are advected downwind. A practical application of the model would be to prepare a strategy to limit the downwind drift from a sprayout. For example, simulated droplets generated from a sprayer can be divided into those whose trajectories intersect the ground surface; those >50 ,um in diameter, about 50% of the droplets from the simulated nozzle; and those <50 pLm in diameter, whose trajectory contributed to the dispersion cloud. The problem is reduced to minimizing the generation of dispersable droplets of <50 ,um by selecting the nozzle type and adjusting its operating performance by adjusting sprayer pressure and liquid consistence and spraying when small droplets (e.g., >50 ,um) will quickly evaporate and the contained microorganisms will die. Low atmospheric relative humidities (23) and high solar radiation, temperature, and atmospheric pollutants (10) would tend to cause the death of airborne microbes most rapidly. The microbes in the large drops would experience minimal mortality because of the short time they are airborne before striking their target surface.
A practical application of the model would be to locate the sample site dependent upon the predicted deposition pattern generated by the model with known input meteorological conditions at the application site and death rate constant of the applied agent.
There are several areas where research is needed to provide a more reliable model. The physical, chemical, and meteorological properties characterizing water droplets in air are well enough known to allow the development of a random-walk model to simulate the dispersion of water droplets containing viable microbes, but the most pressing need is information necessary to predict near-source survival dynamics of airborne microbes, e.g., effects of microbes on the water evaporation of a droplet, water evaporation rate from microbes, critical water content of Dispersion patterns estimated by the current model depend heavily on the input wind data. Gusts which last less than a minute can take many droplets in directions much different from that of the mean air flow. Hence, more frequent and accurate wind observations can greatly improve model results. The need for improved wind observations is indicated by comparing the observed data map in Fig. 1 against the model results . While the observed data shows a wide area of detection at the northern edge of the spray site, wind data showed no significant wind from the south.
A future use of the model can be seen in which the model is used in real time to predict the aerosol dispersal of a biological mitigant sprayed out but not contaminating a field where an experimental bacterium has been applied. An example is the containment of uninfected bacteria within a continuously generated phage aerosol that forms a closedended downwind containment about the bacterium application area.
